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Abstract Electron beams and betatron X-ray radiation gen-
erated by laser wakefield acceleration in long plasma targets
are studied. The targets consist of hydrogen filled dielectric
capillary tubes of diameter 150 to 200 microns and length
6 to 20 mm. Electron beams are observed for peak laser
intensities as low as 5 × 1017 W/cm2. It is found that the
capillary collects energy outside the main peak of the fo-
cal spot and contributes to keep the beam self-focused over
a distance longer than in a gas jet of similar density. This
enables the pulse to evolve enough to reach the threshold
for wavebreaking, and thus trap and accelerate electrons.
No electrons were observed for capillaries of large diameter
(250 µm), confirming that the capillary influences the inter-
action and does not have the same behaviour as a gas cell.
Finally, X-rays are used as a diagnostic of the interaction
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and, in particular, to estimate the position of the electrons
trapping point inside the capillary.
1 Introduction
When an intense femtosecond laser pulse interacts with
gas, a plasma is formed and the ponderomotive force of
the pulse generates a large amplitude plasma wave. This
wave can break, trap, and accelerate electrons. The accel-
eration field can be more than a thousand times higher
than those achieved in accelerators based on conventional
technology. Laser plasma wakefield accelerators are thus
a promising alternative to conventional accelerators, espe-
cially because of their compactness and short pulse dura-
tion. Quasi-monoenergetic beams of electrons, of hundreds
of MeV kinetic energy, have been produced in several exper-
iments [1–5]. The laser pulse can also be externally guided,
for example by using either a plasma channel created by a
discharge inside a capillary [6] or a dielectric capillary tube.
In this article, we discuss the use of gas-filled dielectric cap-
illary tubes to assist guiding and thereby enable wave break-
ing and self-trapping of electrons at lower laser intensities
than required with gas jets, which also have a homogeneous
transverse gas profile.
Even when the intensity at the entrance of the plasma
is below the threshold for wave-braking and electron trap-
ping, it can be reached through the non-linear evolution of
the pulse, undergoing self-focusing and pulse compression.
In the experiment reported here, electron beams were ob-
served with peak laser intensities as low as I = (5 ± 2) ×
1017 W/cm2 (corresponding to a normalized pulse ampli-
tude a0 = 0.5) for a plasma electron density of the order
of 1018 cm−3. With such a low intensity, the evolution of
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the laser pulse would not be sufficient over the length typi-
cal for a gas jet experiment (a few mm). However, capillary
tubes longer than 6 mm provide a distance of interaction
long enough to achieve electron trapping and acceleration.
The inside walls of the capillary tubes are smooth at the
laser wavelength and the laser pulse is guided by Fresnel re-
flection on the walls. Ultrashort intense laser pulses propa-
gate using eigenmodes of the capillary tubes [7]. For a Gaus-
sian distribution of energy at the entrance of the capillary,
with a waist matched to the capillary radius, more than 98%
of the incident energy can be transferred into the fundamen-
tal capillary mode, inducing quasi-perfect monomode guid-
ing [8]. This can produce linear plasma waves over several
centimetres [9] which could be used as an accelerating struc-
ture for injected electrons. The electron density in this type
of capillary can be arbitrarily low which is an advantage,
as the dephasing length can then be made equal or longer
than the capillary tube. Dephasing occurs at the point where
the electrons outrun the plasma wave and start decelerating.
The dephasing length is given by Ld = (ω0/ωp)2λp , where
ω0 is the laser frequency, ωp = (nee2/0me)1/2 the plasma
frequency of a plasma of electron density ne and λp the cor-
responding plasma wavelength. e and me are the charge and
mass of an electron, respectively. However, when the capil-
lary diameter is too large to match the focal spot, the propa-
gation is not monomode, as higher order modes are then also
excited. In the experiment reported here, the focal spot size
was deliberately chosen significantly smaller than the tube
diameter to allow higher order modes to be excited. This re-
sulted in a regime where external guiding, non-linear pulse
evolution and self trapping take place inside the tube.
X-rays can be produced within a wakefield accelerator
through a process called betatron oscillations [10]. Trans-
verse fields can cause electrons within the wakefield to os-
cillate transversely to their acceleration direction and pro-
duce X-rays, which have great potential as novel ultra-short
radiation sources. Moreover, their observation provides in-
sight into the laser-plasma interaction itself, because their
production is directly linked to the trapping and accelera-
tion of electrons. For large amplitude oscillations of elec-
trons, the radiation emitted close to the axis can be shown
[11] to have a synchrotron-like spectrum, which is a broad-
band spectral distribution peaked close to the critical en-
ergy Ec = 3/2Kγ 2ωβ , with γmec2 the electron energy
[12]. The betatron frequency ωβ = ωp/√2γ and the beta-
tron strength parameter K = γ rβωβ/c describe the trajec-
tory of an electron oscillating with an amplitude rβ .
2 Experiment
2.1 Experimental arrangement
The experiment was performed using the 10 Hz multi-
terawatt Ti:sapphire laser system at the Lund Laser Centre,
Fig. 1 Schematic view of the experimental setup
which delivered 0.7 J within a focal spot of 50 µm size (ra-
dius of the first minimum of an Airy-like pattern) in 40 fs
(FWHM) pulse duration at λ0 = 795 nm centre wavelength.
A schematic view of the experimental arrangement is pre-
sented in Fig. 1. The laser pulses were loosely focused at
the entrance of dielectric capillary tubes, using a spherical
mirror in combination with a deformable mirror, to correct
aberrations of the phase front in the focal plane. Glass capil-
lary tubes with inner diameter ranging from d = 150 µm to
250 µm and length varying between 6 mm and 20 mm were
aligned along the optical axis. Hydrogen gas was filled into
the tubes through two thin (∼300 µm) slits located 2.5 mm
from each end of the tubes. An electro-magnetic valve con-
trolled the pressure in a reservoir which in turn controlled
the flow of gas into the capillary tube. Gas densities inside
the capillary corresponding to electron densities in the range
5 × 1017–1.5 × 1019 cm−3, were achieved and character-
ized by off-line interferometric measurement. Each capil-
lary tube could be used for a large number of laser shots
(∼100 shots in the same capillary), as long as the focused
laser beam remained well centered at the capillary entrance.
Pointing variations due to thermal drifts and mechanical vi-
brations were therefore minimized or actively compensated
for [13]. The laser pulse was guided in the capillary in the
multi-mode regime [7], ionizing the gas and producing a
wake. Figure 2 illustrates how the capillary guides the laser
beam in vacuum. In (a), the focal spot at the entrance of the
capillary tube is shown. In (b), the mode pattern at the exit
of the capillary tube shows that the laser pulse was guided
in the multi-mode regime. The transmission within the cap-
illary diameter is 70% (capillary of 20 mm long and 200 µm
diameter). The symmetry of this multi-mode structure at the
exit of the capillary tube is the criterion used for the align-
ment of the tube on the laser axis.
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Electrons from the plasma were trapped, accelerated and
then detected on a phosphor screen (Kodak Lanex), placed
59 cm after the laser focus, imaged by a CCD camera. A
permanent magnet (B = 0.7 T, length 100 mm) could be
moved into position between the capillary exit and the phos-
phor screen to deflect the electrons and thereby allow their
energy distribution to be measured. Electrons with energy
below 40 MeV did not reach the phosphor screen and were
thus not detected. Far-field profiles of the X-rays, gener-
ated due to betatron oscillations inside the capillary, were
recorded by a 16 bit CCD X-ray camera placed on the laser
axis. X-rays and electron spectra were recorded simultane-
ously when the electron beam was deflected from the axis by
the magnet. A matrix of metallic filters was placed over the
chip of the camera in order to block laser and visible light
and to provide a low resolution measurement of the X-ray
spectrum. The camera, an Andor 434-BN CCD chip with
1024 × 1024 pixels of 13 µm size, was placed 89 cm away
from the source, corresponding to a chip collection angle of
15 × 15 mrad2.
Fig. 2 Transmission trough a capillary tube of 20 mm long and
200 µm diameter in vacuum. In (a) the focal spot at the entrance of
the capillary tube and (b) the multi-mode pattern at the exit of the cap-
illary tube. The transmission within the capillary diameter is 70%
2.2 Electrons
Electron beams, with charge varying in the range 1–100 pC,
were observed. The quality of the beam was found to de-
pend very sensitively on the plasma electron density. Indi-
vidual shots showed peaks with energies up to 170 MeV,
with energy spreads as low as 7% and divergence as low
as 4 mrad FWHM. At optimum plasma density, monoener-
getic features were observed, as illustrated in Fig. 3(a) for
ne = 3 × 1018 cm−3, a capillary length of 20.5 mm and a
diameter of 200 µm. At higher densities, trapping occurs
at more than one point leading to broad electron spectra,
occasionally with multiple peaks as shown in Fig. 3(b) for
ne = 8×1018 cm−3 in a capillary 11 mm long and of 200 µm
diameter. Both spectra were recorded at a peak laser inten-
sity of 6 × 1017 W/cm2.
The influence of the plasma electron density, laser inten-
sity and capillary parameters, such as diameter and length,
are presented in Fig. 4. In (a), the charge above 40 MeV
is plotted as a function of the plasma electron density for
different capillary diameters, and laser intensities. The cap-
illary length was kept fixed (20.5 mm) and the diameter
varied: 180 µm (circles), 200 µm (squares, diamonds) and
250 µm (triangles). The laser intensity was 6 × 1017 W/cm2
except for the data represented by squares, where the laser
intensity was 5 × 1017 W/cm2. Figure 4(a) shows that for
each capillary diameter and laser intensity, there is a narrow
range of electron density for which accelerated electrons are
produced. In this regime of acceleration, the plasma electron
density is a crucial parameter for the trapping and acceler-
ation process. This is also observed in simulations where
changes in diameter and intensity significantly change the
pulse evolution, as discussed by Ferrari et al. in [14]. In or-
der to fully understand this very complex interaction and, in
particular, how the different parameters influence the value
of the optimum density, further modelling and systematic
studies are required. Here, we merely demonstrate this sen-
sitivity. Finally, for capillaries of 250 µm, diameter no elec-
trons were observed over the entire range of electron den-
sities explored. This suggests that for such large diameter
Fig. 3 Experimental electron
spectra. In (a) a peaked
spectrum and in (b) a broad
spectrum with multiple peaks,
with a total charge above
40 MeV of 2.3 pC and 7.7 pC,
respectively
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Fig. 4 Influence of the electron density, the laser intensity and the
capillary parameters (diameter and length) on the electron beams. In
(a) the charge above 40 MeV as function of electron density is shown
for different capillary diameters: 180 µm (blue circles), 200 µm (red
squares, black diamonds) and 250 µm (grey triangles) for a laser inten-
sity of 6×1017 W/cm2 except for the points represented by the squares
where the laser intensity was 5 × 1017 W/cm2. Each point corresponds
to one laser shot. The graph shows complete data sets and therefore
also illustrates the shot to shot fluctuations. The lines are drawn to
guide the eye. The peak electron energy is plotted as function of the
capillary length in (b) for ne = 5 × 1018 cm−3. The effect of dephas-
ing is clearly visible
the capillary acted mainly as a windowless gas cell: the re-
flection from the wall are not sufficient to contribute signif-
icantly to the pulse evolution. In Fig. 3(b), the peak energy
as a function of the capillary length is shown at a fixed elec-
tron density of 5 × 1018 cm−3 for a capillary diameter of
180 µm and laser intensity of 6 × 1017 W/cm2. The onset of
dephasing is observed as the peak energy decreases for the
longest capillaries. At this density the theoretical dephasing
length is Ld = 5 mm. As it is seen in the simulations (see,
for example Fig. 8), for the values of densities and power
considered, self-focusing is a slow process: it takes 6.4 mm
in this example for a0 to reach an adequate value for elec-
tron injection and trapping. Adding the evolution distance to
the dephasing length gives a value of the order of what we
observe in the experiment. Thus, the maximum electron en-
ergy can be reached inside the capillary. Alternatively, pump
depletion can also contribute to limit the maximum energy.
From simulations (Fig. 6 of [14]), it is estimated that 40% of
the laser energy is depleted after 11 mm, where self-focusing
stops.
2.3 X-rays
The production of betatron X-rays is directly linked to the
trapping and acceleration of electrons. The far-field distri-
bution of X-ray beams were recorded and gave additional
insight into the interaction itself. The number of X-ray pho-
tons obtained strongly depends on the charge of the elec-
tron beam, and thus also on the plasma electron density. We
obtained up to ∼5 × 104 photons/mrad2 over the range 1–
10 keV, which is comparable to the results in [10].
Figure 5(a) and (b) show far-field distributions of the
X-ray beam for two slightly different electron densities,
ne = 5.3 × 1018 cm−3 and ne = 5.9 × 1018 cm−3, respec-
tively. Both were produced in a capillary 20 mm long and of
180 µm diameter and recorded using a uniform filter (6 µm
mylar and 3 µm Al) in front of the CCD chip. Figure 5(c)
shows a radial profile, averaged over angles (red curve) of
the image of Fig. 5(a), as well as line-outs in two trans-
verse directions (black and grey curves) of a simulated X-
ray beam, from simulations discussed in the next section,
with ne = 5 × 1018 cm−3, a capillary diameter of 150 µm
and a length of 20 mm for an X-ray photon energy of 1 keV.
Figure 5(d) shows the X-ray beam distribution produced in
a capillary tube of length 20 mm and diameter 200 µm,
ne = 7 × 1018 cm−3, and a different set of filters (a base
of 6 µm mylar and 3 µm Al, with a 3 µm thick vertical stripe
of Al and a 3 µm thick horizontal stripe of Sn). Assuming a
synchrotron-like spectrum, using the tabulated transmission
data of the filters and known CCD sensitivity, an estimate of
the critical energy Ec = 1.3 keV was deduced using a least-
squares method [15].
The shape of the edge of the beam on the images of Fig. 5
shows that the wall of the capillary in the output plane casts a
shadow, indicating that the source of the X-rays is inside the
tube. The shadow of the wall is observed also on the simu-
lation results and its size is similar to the experimental data.
From the different images in Fig. 5, it is clearly observed
that the divergence of the X-ray beam varies, which can be
related to a different geometry (different capillary tubes) or
a different position of the X-ray source along the capillary
axis, due for example to a different electron density.
Sources situated at different points along the axis of the
capillary produce circular beams of different radii on the de-
tector, as illustrated in Fig. 6. The points closest to the en-
trance of the tube, situated on the left in Fig. 6, will therefore
produce the smallest beam and the point closest to the exit
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Fig. 5 Far-field distribution of
the X-ray beam for two different
densities in (a) and (b). In (d)
the absorption in additional
stripes of metallic foils placed in
front of the detector are visible
and are use to make a rough
estimate of the X-ray spectrum.
In (c), radial average profile of
(a) (red curve), horizontal
(black curve) and vertical (grey
curve) line-outs of a simulated
X-ray beam profile are shown
of the tube produces the largest one. This means that the ra-
dius, r0, where the signal starts to decrease corresponds to
emission from the point producing the smallest beam, i.e.
the point closest to the entrance of the capillary. As shown
in Fig. 5(c), r0 can be obtained from the X-ray image and
then using simple geometry, the position of the start of the
X-ray emission can be estimated. Assuming that X-rays are
not reflected by the capillary walls, the distance on axis be-
tween the start of the X-ray source and the exit of the cap-
illary, LX , can be written as LX = L/[(r0/rcap) − 1] where
L is the distance between the capillary output and the CCD
camera, and rcap the capillary tube radius. For example in
the case of Fig. 5(a), r0 = 5 mm, and the distance from the
capillary entrance Lcap − LX to the beginning of the X-ray
emission is then estimated as 4.6 mm.
The shape of the edge of the beam is also an indicator of
the extend of the X-ray source, or of the existence of mul-
tiple sources. The radius rmax corresponds to emission from
the point producing the largest beam, i.e. the point closest to
the exit of the capillary. Using the same calculation as pre-
viously, it is possible to estimate where the X-ray emission
stops. For the case in Fig. 5(c), we find rmax = 5.8 mm and
the position of the end of the source is then estimated to be
6.8 mm from the capillary entrance. The source therefore
extends from 4.6 to 6.8 mm after the entrance of the cap-
illary. However, this is only a lower limit for the extend of
the source as the detector is not perfect and the signal drops
below the noise level. According to [16–19], the transverse
source size is expected to be of the order of a few microns
which would result in a radius difference of about ∼0.2 mm
on the detector. This has been neglected as the radius differ-
ence due to the longitudinal source size is much larger.
As the electrons start emitting X-rays as soon as they are
trapped, the position of the X-ray source can be used to de-
termine the trapping position. However, due to the filters in
front of the CCD camera, only X-rays above 500 eV were
detected and only the point where the electrons have been
sufficiently accelerated to produce X-rays above 500 eV can
be determined. Figure 7 shows the dependence of the posi-
tion of the onset of the first X-ray emission, determined from
the X-ray beam diameter, on the electron density for differ-
ent capillaries and laser intensities. We observe that for most
of the capillaries the X-ray emission starts at a shorter dis-
tance when the density is increased. The capillary diameter,
as well as the laser intensity, also influences the result, con-
firming that the whole acceleration process is very sensitive
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Fig. 6 Schematic explanation of the interpretation of the far-field in-
tensity profiles images of the X-ray beams. The longitudinal spread of
the X-ray emission inside the capillary tube is represented as different
point sources. Depending on the position of the source, the beams
outside of the capillary obtain different divergence. The points closest
to the entrance in the tube, situated on the left of the figure, produce
the smallest radius on the detector. By measuring r0, it is possible
to estimate the start of the X-ray emission and therefore the trapping
point of the electrons
Fig. 7 The diameter of the X-ray image can be used to determine the
position of the onset of the first X-ray emission relative to the laser
focus inside the capillary. This is done for different capillaries as a
function of electron density: a capillary of 20 mm length and 200 µm
diameter (grey triangles, red squares), a capillary of 20 mm length and
180 µm diameter (blue circles), a capillary of 15 mm length and 180 µm
diameter (black diamonds) for a laser intensity of 6 × 1017 W/cm2
except for the points represented by the triangles and the diamonds
where the laser intensity was 5 × 1017 W/cm2. Each point corresponds
to one laser shot. The stars correspond to the trapping points obtained
from the simulations described in the next section
to these parameters. This is consistent with the observations
of the electron beam, as shown in Fig. 4(a). The points repre-
sented by stars in Fig. 7 correspond to the trapping position
obtained from the simulations described in the next section.
A trend similar to the experimental one is observed.
Superimposed over a more-or-less uniform background,
the far-field beam profiles in Fig. 5(a) and (b) show spatial
features, which suggest particular trajectories of the elec-
trons [18]. A “spiral-like” feature is observed in the images
for many different shots and for different capillaries. As-
suming that specular reflections of X-rays from the inside
walls are negligible, the spiral shapes might be understood
as the X-ray emission characteristics of electrons along a
spiral-like trajectory [20]. Features similar to the observed
ones correspond to an oscillation amplitude of the order of
∼0.1 µm, which is about one order of magnitude smaller
than the ones mentioned in [18, 19]. This much smaller os-
cillation amplitude might be due to the particular interaction
in the capillary tube, as the experiments reporting larger am-
plitudes were all performed in gas jets.
3 Simulations and discussion
Simulations were carried out in order to better understand
the interaction processes [14] for the low laser intensity
and low electron density used in the experiment, where one
would not expect trapping and acceleration of electrons to
occur and consequently no betatron X-rays to be produced.
Particle-in-cell (PIC) simulations were performed using the
electromagnetic code CALDER-CIRC [21]. To model the
propagation of the laser pulse along the capillary tube, a
dielectric boundary condition was added to the code. De-
tailed results of these simulations are presented in [14]. Ad-
ditional simulations results are shown in this section. They
were performed for a 35 fs laser pulse with a radial inten-
sity profile fitting the θ -averaged experimental profile, and
a peak normalized laser amplitude of 0.6. The focal plane
was located at the capillary entrance. The capillary diam-
eter was 150 µm, its length 20 m. A ramp of 400 µm in-
creased the electron density from 0 to ne, with ne being the
electron density inside the capillary. Simulations were car-
ried out for three different electron densities ne = 5, 6.5 and
8 × 1018 cm−3.
An example of results is shown in Fig. 8 for ne =
5 × 1018 cm−3. The solid black curve shows the evolu-
tion of the normalized laser amplitude along the axis of the
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Fig. 8 Simulation of the interaction in the capillary tube using the
PIC code CALDER-CIRC. The solid black curve shows the evolution
of the laser intensity along the capillary length. The dashed line shows
the energy of the first electron bunch. The corresponding X-ray emis-
sion is shown by the grey bars, with the total X-ray energy plotted in
arbitrary units. The maximum of the X-ray emission coincides with the
maximum energy of the electrons
capillary tube. The beam undergoes a slow process of self-
focusing, reaching a maximum amplitude of a0 = 2.5 after a
propagation of 6.4 mm (i.e. the intensity has increased by a
factor 17). This relatively modest amplitude is nevertheless
large enough to produce self-injection of electrons, mainly
into the first bucket of the wakefield, even at such low den-
sity. The capillary confines the energy surrounding the main
peak of the focal spot and contributes to maintaining the
beam self-focused 2–3 mm longer than without the capil-
lary. The simulations show that the evolution of the laser in-
tensity depends strongly on capillary diameter, initial laser
intensity, and electron density, as the mode propagation is
quite sensitive to these parameters. This is consistent with
our experimental observations, as shown in Figs. 4(a) and 7,
where the optimum density and the position of the trapping
point depend strongly on these parameters.
After trapping, the electron bunch is accelerated by the
plasma wave in the capillary. Simulations show that the
electrons reach dephasing, as illustrated by the dashed line
in Fig. 8 showing the energy of the first electron bunch.
This is also consistent with the experimental electron data
(see Fig. 4(b)). At this low density, the dephasing length is
∼5 mm but dephasing is still reached inside the capillary.
The extracted electron bunch therefore presents a wide en-
ergy spectrum, similar to the experimental spectrum shown
in Fig. 3(b). In some cases, the peaks in the simulated
electron spectra are more pronounced, but the quasi-mono-
energetic features observed experimentally, such as the one
shown in Fig. 3(a), are not reproduced in the simulations.
Mono-energetic spectra could result from a strongly asym-
metric self-injection of electrons, originated in beam asym-
metry and eventually associated hosing. Further studies tak-
ing into account asymmetrical features are needed to test
these hypotheses.
The X-ray spectra generated by accelerated electrons, ob-
tained in the simulations, are found to be synchrotron-like,
with a critical energy of about 1 keV in fair agreement with
experimental data. The total X-ray energy (integrated from
0 to 10 keV) is also calculated and shown by the grey bars
in Fig. 8. It is clearly seen that most of the X-rays are gener-
ated in the region where electrons reach their maximum en-
ergy. The emitted power scales with γ 4 [11] and, therefore,
the X-ray emission is maximum when the electrons have
their maximum energy. The spatial profile is calculated with
the assumption that the X-rays are absorbed at the capillary
wall. The simulated results are very close to the experimen-
tal ones, as seen for example in Fig. 5(c). In the simulations,
the radius of the X-ray beam is also found to vary as a func-
tion of the electron density. This agrees with our explanation
that the diameter of the X-ray beam on the detector gives us
an indication about the position of the trapping point. For
ne = 8 × 1018 cm−3, the simulations shows that the elec-
trons are trapped early (∼3 mm) and the divergence of the
X-ray beam is 9.4 mrad. For ne = 5 × 1018 cm−3, electrons
are trapped later (∼7 mm), and the divergence of the X-ray
beam is therefore much bigger (13.6 mrad). The trapping
position estimated from the simulation results fairly agree
with the experimental determination.
4 Conclusion
Experimental data show that inside dielectric capillaries
trapping and acceleration of electrons is possible at lower
laser intensities than in gas jets, where in both cases the
laser pulse interacts with a neutral gas homogeneous in the
transverse direction. It was found that the capillary con-
fines energy located outside the main peak in the focal plane
and contributes to the beam self-focusing over longer dis-
tances, thus allowing the pulse to evolve enough to reach
the threshold for trapping and acceleration of electrons. The
interaction was found to depend strongly, and in a complex
way, on parameters such as plasma electron density, capil-
lary diameter, and laser intensity. This has been investigated
experimentally, both by observing the accelerated electron
beam directly and by analysing betatron X-ray radiation as
an additional diagnostic of the interaction. Simulations are
in good agreement with experimental results. The work pre-
sented here shows that the interaction in a capillary tube is
different from the interaction in more conventional targets,
such as gas jets. This suggests that this kind of structures
has interesting properties for electron acceleration. In order
to explore the potential of these novel targets for electron
acceleration, further studies are required.
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